Cocultures of neurons and astrocytes from the rat striatum were used to determine whether the stimulation of neuronal receptors could affect the level of intercellular communication mediated by gap junctions in astrocytes. The costimulation of N-methyl-Dasparte (NMDA) and muscarinic receptors led to a prominent reduction of astrocyte gap junctional communication (GJC) in coculture. This treatment was not effective in astrocyte cultures, these cells being devoid of NMDA receptors. Both types of receptors contribute synergistically to this inhibitory response, as the reduction in astrocyte GJC was not observed after the blockade of either NMDA or muscarinic receptors. The involvement of a neuronal release of arachidonic acid (AA) in this inhibition was investigated because the costimulation of neuronal NMDA and muscarinic receptors markedly enhanced the release of AA in neuronal cultures and in cocultures. In addition, both the reduction of astrocyte GJC and the release of AA evoked by NMDA and muscarinic receptor costimulation were prevented by mepacrine, a phospholipase A 2 inhibitor, and this astrocyte GJC inhibition was mimicked by the exogenous application of AA. Metabolites of AA formed through the cyclooxygenase pathway seem to be responsible for the effects induced by either the costimulation of NMDA and muscarinic neuronal receptors or the application of exogenous AA because, in both cases, astrocyte GJC inhibition was prevented by indomethacin. Altogether, these data provide evidence for a neuronal control of astrocytic communication and open perspectives for the understanding of the modalities through which cholinergic interneurons and glutamatergic inputs affect local circuits in the striatum. T hrough their multiple processes, astrocytes are in close association with neurons and play multiple roles in brain functions. Besides their supporting role, these glial cells actively interact with neurons because they sense and respond to neuronal activity and can affect synaptic transmission by releasing chemical transmitters (1, 2). A typical feature of astrocytes is their widespread connection by gap junctions, which allows direct intercellular communication and defines astrocytic networks in culture and brain slice preparations (3). Gap junctions are constituted by clusters of intercellular channels composed of 12-subunit proteins, called connexins, 6 of them corresponding to a hemichannel that belongs to each coupled cell. Astrocytes express several connexins with a predominance for connexin 43 (Cx43), present from embryonic to adult stages, and connexin 30, which appears late in situ and in primary cultures (see refs. 4 and 5). The efficiency of gap junctions in astrocytes can be controlled by several classes of endogenous compounds, including neurotransmitters, neuropeptides, bioactive lipids, and growth factors (see refs. 6 and 7). These regulations, which up to now have only been revealed by exogenous applications of these compounds, suggest that astrocytic networks are subject to remodeling and to some degree of plasticity.
T
hrough their multiple processes, astrocytes are in close association with neurons and play multiple roles in brain functions. Besides their supporting role, these glial cells actively interact with neurons because they sense and respond to neuronal activity and can affect synaptic transmission by releasing chemical transmitters (1, 2) . A typical feature of astrocytes is their widespread connection by gap junctions, which allows direct intercellular communication and defines astrocytic networks in culture and brain slice preparations (3) . Gap junctions are constituted by clusters of intercellular channels composed of 12-subunit proteins, called connexins, 6 of them corresponding to a hemichannel that belongs to each coupled cell. Astrocytes express several connexins with a predominance for connexin 43 (Cx43), present from embryonic to adult stages, and connexin 30, which appears late in situ and in primary cultures (see refs. 4 and 5) . The efficiency of gap junctions in astrocytes can be controlled by several classes of endogenous compounds, including neurotransmitters, neuropeptides, bioactive lipids, and growth factors (see refs. 6 and 7). These regulations, which up to now have only been revealed by exogenous applications of these compounds, suggest that astrocytic networks are subject to remodeling and to some degree of plasticity.
The presence of astrocytes has been shown to enhance the number of synapses and synaptic efficacy (8, 9) . Moreover, we have also recently reported that astrocyte gap junctional communication (GJC) is regulated by neuronal activity, indicating that astrocyte gap junctions and Cxs represent targets for neuro-glial interaction (10, 11) . A novel concept of neuro-glial interaction involved in brain signaling is thus emerging (see refs. 12 and 13); thanks to their tight interactions, astrocytes control neuronal synaptic transmission, and, reciprocally, neurons regulate astrocyte GJC in astrocytes. A potential modality of interaction between neurons and astrocytes is that the stimulation of neuronal receptors induces the release of products affecting astrocyte GJC. Because cultured astrocytes do not express N-methyl-D-asparte (NMDA) receptors (14) , cocultures of neurons and astrocytes provide an appropriate model to address this question by selectively stimulating neurons. Interestingly, in striatal neurons, several biochemical and electrophysiological responses evoked by NMDA are enhanced by acetylcholine (Ach) through the stimulation of muscarinic receptors (15, 16) . This could partly account for the modulatory role of cholinergic interneurons on the activity of efferent striatal neurons (see ref. 17) . As shown in the present study, when striatal neurons are cocultured with astrocytes, the costimulation of NMDA and muscarinic receptors induces a reduction of astrocyte GJC. Moreover, in this condition, arachidonic acid (AA) is markedly released from striatal neurons. Because AA is a potent inhibitor of astrocyte GJC (18) (19) (20) , we further investigated whether the inhibitory effect of NMDA and muscarinic receptor costimulation on astrocyte GJC results from the neuronal production of AA.
a Mg 2ϩ -free Hepes buffer (in mM: 140 NaCl͞5.5 KCl͞1.8 CaCl 2 ͞10 glucose͞10 Hepes with pH fixed at 7.4) containing fatty acid-free BSA (5 mg͞ml), cells were exposed to receptor agonists for 15 min in the same medium. When used, mepacrine was added during washing and incubation, and (5R,10S)-(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine hydrogen maleate (MK801) and atropine were added 10 min before receptor agonists. At the end of incubation, media were centrifuged (100 ϫ g for 10 min) to remove floating cells, and 3 H radioactivity, which, as previously reported (22, 23) , consisted of at least 95% [ 3 H]AA, was measured in supernatants.
Determination of GJC. For pharmacological screening, astrocyte GJC was studied by using the scrape-loading technique (see ref. 10 ) and quantified by measuring the fluorescence area defined by the spread of Lucifer yellow (LY, 0.1% dilithium salt) by using an image analysis software (NIH IMAGE). Control experiments and pharmacological treatments were performed by incubating either astrocytic cultures or cocultures for 15 min in the Mg 2ϩ -free Hepes buffer solution described above. Treatments with mepacrine resulted in autofluorescence of the cells in the same wavelength as LY, thus 0.5% sulforhodamine B was used as the intercellular tracer in these experiments. In all cases, astrocyte GJC was assessed 8 min after scraping by taking five successive photomicrographs per trial with an inverted microscope equipped with appropriate filters. Tested compounds were always present in the washing solutions used after scrape-loading. Quantification of the effects of different treatments on astrocyte GJC was performed by comparing fluorescence areas in control and treated conditions. The percentage of change in GJC was determined by subtracting from the total fluorescence area the first row of cells initially loaded, measured in the presence of the gap junction blocker carbenoxolone (100 M, 10 min) in separated culture dishes (n ϭ 5).
In addition, another dye-coupling assay was performed by using the patch-clamp technique to load individual astrocytes with LY (0.2%, dipotassium salt) (see ref. 10). After 2 min of whole-cell recording, the pipette was withdrawn, and the microscopic field around the recorded cell was photographed 5 min later under epifluorescence illumination. GJC was quantified by determining the number of adjacent neighboring fluorescent astrocytes (10) .
Dye coupling between astrocytes and neurons has been described in young cocultures (24-72 h) (24) ; however, in the present study we did not detect any heterotypic coupling after 7 days of cocultures with the two techniques described above.
Calcium Imaging. Measurements of intracellular calcium concentration were made under single emission microfluorimetry by using the cell-permeant fluorescent calcium probe Fluo-4 acetoxymethyl ester. This indicator (3 M) was loaded into cells by incubation for 1 h at room temperature in the standard Hepes buffer described above. After washing, cells were transferred to the recording chamber of an upright microscope, allowing sequential or continuous perfusion of solutions at a rate of 1 ml͞min. Fluo-4 was excited at 488 nm through a 40ϫ waterimmersion objective by a monochromator with integrated xenon lamp (75 W). Fluorescent emission of labeled cells at 510 nm was detected with a charge-coupled device camera (Sensicam, PCO). Image acquisition (2-10 Hz) and off-line analysis were processed by using the Axon Imaging WORKBENCH software (Axon Instruments, Foster City, CA). Cells were exposed to NMDA in the presence of tetrodotoxin (0.5 M) by focal application (30 ms) with a pulse generator (Master 8) connected to a pipette (2-m tip) placed 50-100 m away from the targeted cell. Data are expressed as a change in fluorescence over baseline fluorescence (⌬F͞F 0 , %).
Immunoblotting. Cells were washed with the Hepes buffer solution and lysed with 200 l of boiled 2% SDS solution containing a mixture of phosphatase inhibitors (1 mM orthovanadate and 10 mM ␤-glycerophosphate). Protein concentration was determined by the bicinchoninic acid method, using BSA as standard. Samples were separated by electrophoresis on 10% polyacrylamide gels and transferred to nitrocellulose (Hybond-ECL). Blots were incubated with a monoclonal mouse Cx43 antibody (diluted at 1͞1,000, Chemicon) followed by horseradish peroxidase-conjugated sheep anti-mouse secondary antibody (diluted at 1͞1,000, Amersham Pharmacia), and immunodetection was performed by using a chemiluminescence detection kit (Renaissance kit, NEN). Samples of astrocyte cultures always contained 20 g of protein.
Moreover, coculture samples were collected in a way to contain a similar amount of astrocytic proteins (20 g), as previously described (10).
Solutions and Chemicals. All drugs were purchased from Sigma except NMDA and MK801, which were from Tocris Neuramin (Bristol, U.K.), phorbol 12-myristate 13-acetate from Calbiochem, and Fluo-4 from Molecular Probes. With the exception of biochemical assays carried out at 37°C, all experiments were performed at room temperature (20-24°C). NMDA applications were always performed in the presence of D-serine (100 M) and in the absence of Mg 2ϩ .
Statistical Analysis. Data were expressed as means Ϯ SEM, and n refers to the number of independent experiments. Statistical analysis was performed on raw data, and statistical significance was established at * , P Ͻ 0.05 and ** , P Ͻ 0.01 by appropriate tests as indicated in the figure legends.
Results

NMDA and Muscarinic Neuronal Receptor Costimulation Inhibits Astrocyte GJC in Cocultures.
In agreement with previous observations (10), GJC in rat striatal astrocytes was increased in the presence of neurons (Fig. 1A) . The intercellular diffusion of LY, studied by using the scrape-loading technique, was not significantly affected when cocultures were exposed to a 15-min treatment with NMDA (100 M, 0 Mg 2ϩ , 100 M D-serine), ACh (1 mM), or Carb (1 mM) alone (n ϭ 3) (Fig. 1 A) . In contrast, a 15-min coapplication of NMDA with either ACh or Carb resulted in a significant decrease of astrocyte GJC (44%, n ϭ 5 and 38%, n ϭ 13, respectively). Further indicating the requirement of the stimulation of both receptor types, this inhibition of astrocyte GJC was prevented in the presence of either MK801 (1 M) or atropine (1 M), the antagonists of NMDA and muscarinic receptors, respectively ( Fig. 1 A) . The inhibitory effect of NMDA and Carb treatment was confirmed with another dye-coupling assay, which consists of recording a single astrocyte with a patch-clamp pipette filled with LY. Indeed, the occurrence of dye coupling was reduced from 82% (n ϭ 22) to 71% (n ϭ 21), and the average number of coupled cells decreased from 14 Ϯ 3 (n ϭ 18) to 7 Ϯ 2 (n ϭ 15), in controls and treated (NMDA and Carb) cocultures, respectively (Fig. 1B) .
To determine whether the inhibitory effect of the coapplication of NMDA and ACh or Carb resulted from the stimulation of either neuronal or astrocytic receptors, similar experiments were performed on astrocyte cultures. Although muscarinic receptors are expressed in cultured astrocytes from the rat striatum (25) , their stimulation by either ACh or Carb did not modify GJC in astrocyte cultures (92% and 87% of the control, respectively, n ϭ 3). In addition, NMDA applied alone or in combination with Carb was also without effect on GJC in astrocyte cultures (102% and 110% of the control, respectively, n ϭ 3). These later results are in agreement with the lack of NMDA receptor expression in cultured astrocytes as indicated by the absence of calcium response to NMDA application (100
, 100 M D-serine) in astrocytes cultured with or without neurons. In contrast, striatal neurons in cocultures exhibited typical rise in intracellular calcium to focal application of NMDA (Fig. 1C) .
The Inhibitory Effect of the Costimulation of NMDA and Muscarinic Neuronal Receptors on Astrocyte GJC Is Not Associated with Changes in the Cx43 Expression Pattern. The expression of Cx43 was investigated by immunoblotting to determine whether the decrease in astrocyte GJC induced by the coapplication of NMDA and Carb resulted from a modification in the expression pattern of this major astrocytic connexin (3). Cx43 expression was not detected in pure neuronal cultures (10), but three distinct bands were detected at 42, 44, and 46 kDa in both astrocyte cultures and cocultures ( Fig. 2A) . These bands correspond to the nonphosphorylated and phosphorylated (P1, P2) isoforms of Cx43, respectively (26) . The P2 isoform was predominant in both types of cultures. In agreement with previous observations (10), Cx43 expression was increased without change in its phosphorylation pattern when astrocytes were cocultured for more than 7 days with neurons (Fig. 2 A) . However, no changes in either the amount or the proportion of these three Cx43 bands were detected (n ϭ 4) after 15 min of coapplication of NMDA and Carb to either the astrocyte cultures or the cocultures (Fig. 2 A) .
NMDA and Muscarinic Receptor Costimulation Induces the Release of [ 3 H]AA from Neuronal Cultures and Cocultures of Neurons and Astrocytes.
A transcellular messenger such as AA, generated by the stimulation of neuronal receptors, could be responsible for the inhibition of astrocyte GJC induced in cocultures by the coapplication of NMDA and muscarinic receptor agonists. Indeed, according to previous studies, AA is a potent inhibitor of astrocyte GJC (18) (19) (20) . In addition, as shown in neuronal cultures from the mouse striatum, this unsaturated fatty acid is released after stimulation of NMDA receptors (27) , and a synergistic response is observed under costimulation of NMDA and muscarinic receptors (15) . Therefore, the evoked AA release was investigated in our different models of rat striatal cultures.
When applied for 15 min, NMDA (100 M) stimulated [ , and similar responses were observed with either ACh (1 mM) or Carb (1 mM) (161%, n ϭ 4 and 159%, n ϭ 3, of control, respectively) (Fig. 3A) . A marked synergistic response occurred under the coapplication of NMDA and either ACh or Carb (619%, n ϭ 4 and 800%, n ϭ 3, of control, respectively) (Fig. 3A) . These prominent effects were blocked in the presence of mepacrine (50 M), an inhibitor of phospholipase A 2 , the main enzyme involved in AA production (data not shown, n ϭ 3). In contrast, in astrocyte cultures, similar concentrations of NMDA, ACh, or Carb had no significant effect on [ 3 H]AA release (n ϭ 3). The lack of effect of these receptor agonists was also observed when ACh or Carb was coapplied with NMDA (Fig. 3B) .
When cocultures were used, NMDA, ACh, or Carb alone significantly evoked [ 3 H]AA release (Fig. 3B) . However, the coapplication of NMDA with either ACh or Carb resulted in a marked stimulation of [ 3 H]AA release (249%, n ϭ 4 and 263%, n ϭ 3, of control, respectively) (Fig. 3C) . The responses induced by the combined application of NMDA and Carb were completely prevented by MK801 (1 M), atropine (1 M), or mepacrine (50 M) (Fig. 3D) . When tested alone on either neuron cultures or cocultures (n ϭ 3), these compounds were without effect. further investigated the possible involvement of AA in the NMDA-and Carb-induced inhibition of astrocyte GJC. For this purpose, several treatments acting on the production, the diffusion, or the metabolism of AA were selected to prevent the effect of neuronal receptor costimulation on astrocyte GJC. In addition, exogenous AA was applied on cocultures to reproduce this astrocyte GJC inhibition, and inhibitors of AA metabolic pathways were used to determine whether it acts directly or through its metabolites.
Mepacrine (50 M) treatment prevented the inhibitory effect of the costimulation of NMDA and muscarinic receptors on astrocyte GJC in cocultures. This inhibition of astrocyte GJC was also abolished when experiments were performed in the presence of BSA (5 mg͞ml), known to possess hydrophobic sites that trap fatty acids (Fig. 4A) . When used alone, either mepacrine or BSA was without effect on GJC (Fig. 4A) . Altogether, these observations are consistent with the involvement of AA release from neurons in the reduction of astrocyte GJC induced by the costimulation of NMDA and muscarinic receptors.
In astrocytes, AA is metabolized mainly through the lipoxygenase and cyclooxygenase pathways (22) . Therefore, cocultures were preincubated with either nordihydroguaiaretic acid (NDGA; 5 M, 30 min), a lipoxygenase inhibitor, or indomethacin (10 M, 30 min), a cyclooxygenase inhibitor, to determine whether AA itself and͞or its metabolites are responsible for the decrease of astrocyte GJC induced by the costimulation of NMDA and muscarinic receptors. Whereas NDGA was ineffec- tive, indomethacin pretreatment completely prevented the inhibition of astrocyte GJC (Fig. 4A) . When used alone, both inhibitors were without effect on astrocyte GJC (n ϭ 3) (data not shown).
Finally, experiments were performed with exogenous AA to further investigate whether this fatty acid is involved in the reduction of astrocyte GJC observed after the 15-min coapplication of NMDA and Carb (40%, n ϭ 18). As shown in Fig. 4B , when applied for 15 min at 5 M to the cocultures, AA reduced to a similar extent astrocyte GJC (42%, n ϭ 4). In agreement with previous results (20) , this inhibitory effect of AA on astrocyte GJC was not associated with a change in Cx43 expression and phosphorylation, which is in contrast with that found with the phorbol ester (1 M phorbol 12-myristate 13-acetate, 15 min), another agent known to inhibit astrocyte GJC (Fig. 2B) . Moreover, as observed under the combined stimulation of NMDA and muscarinic receptors, the inhibition of astrocyte GJC induced by the exogenous application of AA was prevented by pretreatment of the cocultures with indomethacin, but not NDGA (Fig. 4B) .
Discussion
The main finding of this study is that neuronal receptor stimulation can be associated with a change in intercellular communication between astrocytes. Indeed, the costimulation of NMDA and muscarinic receptors in cocultures was found to decrease astrocyte GJC. This observation reinforces the concept of tight neuro-glial interaction (2, 13) and of mutual control of communication between these two cell types (10) (11) (12) . That neuronal receptor stimulation is indeed involved in this response is based mainly on the presence of NMDA receptors on neurons, but not on astrocytes (Fig. 1C) . In addition, although muscarinic receptors are expressed in cultures of striatal astrocytes (25) , the synergistic effects of NMDA and either ACh or Carb on AA release were detected only in neuronal cultures and in cocultures. Similarly, the inhibitory effect of the costimulation of NMDA and muscarinic receptors on astrocyte GJC was observed in cocultures but not in astrocyte cultures. These observations suggest that the interaction between the two receptor pathways occurs in neurons. The reduction of astrocyte GJC induced by a 15-min coapplication of NMDA and muscarinic receptor agonists suggests a rapid and tight interaction between neurons and astrocytes, which are closely associated in several brain structures (9, 28, 29) .
Several mechanisms that could account for the inhibition of astrocyte GJC by NMDA and muscarinic receptor costimulation can be excluded. (i) Release of glutamate and ␥-aminobutyric acid (GABA) by striatal neurons is not involved in this inhibition, as glutamate was reported to increase GJC, and GABA has no effect on astrocyte GJC (10); (ii) direct communication through gap junctions between astrocytes and neurons is also excluded because heterotypic dye coupling is not detected in 1-week-old cocultures; and (iii) an NMDA neurotoxicity is unlikely to occur because longer time of NMDA exposure is required to observe striatal neuronal death (30) . Moreover, in striatal cocultures NMDA-induced neurotoxicity is associated with a down-regulation of GJC and Cx43 expression (10), which was not observed in the present study (Fig. 3) . Alternatively, the neuro-glial interaction leading to the inhibition of astrocyte GJC is more likely because of the release by neurons of a factor that acts either directly or indirectly on astrocyte GJC. Because of its amphipathic properties, AA is a good candidate to act as a transcellular messenger (see ref. 31) . Indeed, several observations support the involvement of AA released from neurons in the reduction of astrocyte GJC induced by the costimulation of NMDA and muscarinic receptors. (i) Although changes in AA release and astrocyte GJC could not be detected in cocultures under the application of NMDA, ACh, or Carb alone, a marked release of AA and reduction of astrocyte GJC were observed under the coapplication of NMDA with either ACh or Carb, and both responses were blocked by either MK801 or atropine; (ii) both the release of AA and the reduction of astrocyte GJC induced by the costimulation of NMDA and muscarinic receptors were prevented when cocultures were pretreated with mepacrine, an inhibitor of phospholipase A 2 ; (iii) the inhibitory effect of the NMDA and muscarinic receptor costimulation on astrocyte GJC was not observed anymore when AA released from neurons was extracellularly trapped with BSA; (iv) the application of 5 M AA reduced astrocyte GJC to a similar extent as the coapplication of NMDA and Carb (or ACh); and (v) the level and pattern of Cx43 expression was not affected by the application of either AA or NMDA and Carb.
Therefore, a sequence of intracellular and intercellular events leading to the release of AA seems to be involved in the neuronal inhibitory regulation of GJC in astrocytes (Fig. 5) . AA metabolites seem to be responsible for the reduction of astrocyte GJC because the inhibitory effects of AA, either exogenous or endogenously formed (costimulation of NMDA and muscarinic receptors), on astrocyte GJC were totally prevented when cocultures were pretreated with indomethacin. Such a critical role of the cyclooxygenase metabolic pathway has already been reported for the inhibitory effect of exogenous AA on astrocyte GJC as well as for the reoxygenation-induced uncoupling of astrocytes (20, 32) . Further indicating that cyclooxygenases contribute indeed to neuro-glial interaction, this metabolic pathway was reported to be involved in neuronal responses induced by a calcium-dependent release of glutamate from neighboring astrocytes (33) .
The medium-sized spiny GABAergic efferent neurons represent more than 95% of the neuronal cell population in the striatum. These neurons are also predominant in neuronal cultures (34) and in cocultures (10) originating from the embryonic striatum. In situ, the dendrites of these striatal neurons are massively innervated by glutamatergic fibers from cortical and thalamic neurons and express several subclasses of glutamatergic receptors, including NMDA receptors. Moreover, the striatum is homogeneously innervated by cholinergic interneurons, which also contact the dendrites of efferent GABAergic neurons (see refs. 17 and 35) . Therefore, the costimulation of glutamatergic and cholinergic receptors, including NMDA and muscarinic receptors, may induce specific electrical and biochemical responses in striatal efferent neurons. For instance, the stimulation of muscarinic receptor increases NMDA-dependent currents in striatal slices (16, 17) . Thus, in addition to its direct effect on membrane excitability of medium spiny neurons, ACh affects the activity of these cells by interfering with their response to NMDA receptor stimulation (see ref. 17) . Interactions between glutamatergic and cholinergic systems may also result from alternative pathways leading to the production of a transcellular messenger and its contribution to neuro-glial interaction. The present results indicate that AA release resulting from the costimulation of neuronal NMDA and muscarinic receptors induces the inhibition of astrocyte GJC. This reduction in the extent of the astrocytic network could secondarily interfere with neuronal activity. Indeed, astrocyte GJC contributes to the propagation of intercellular calcium waves in astrocytes (see refs. 36 and 37) and rises in intracellular calcium in astrocytes modulate synaptic transmission (1) . Because increasing evidence supports the occurrence of a tight and active dialogue between neurons and astrocytes (2, 13, 38) , the inhibition of astrocyte GJC by neuronal receptor costimulation could contribute to such an integrative process. Accordingly, a reduction in the number of coupled astrocytes could minimize astrocyte-neuron interactions and thus contribute to the role of striatal cholinergic interneurons in the processing of glutamatergic cortical inputs.
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